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Introduction
Chronic heart failure (CHF) is a major public health problem in western countries, involving about 10 % of the elderly and accounting for 1-2% of health-care expenditure [1] . CHF is associated with prominent alterations in the autonomic control of the cardiovascular system. Neurohormonal activation plays an important role in the pathogenesis and progression of the clinical syndrome and its extent is a marker of severity and adverse prognosis: higher levels of sympathetic activity are associated with a markedly reduced survival in CHF patients [2] . The analysis of heart rate variability (HRV) is considered a noninvasive tool to assess cardiac autonomic regulation. Indeed, classical linear analysis of HRV provides indexes of cardiac autonomic modulation which have been shown to be associated with the degree of sympathoexcitation [3] . However, some features of heart rate dynamics cannot be detected by traditional techniques, and methods based on nonlinear system theory have been developed to investigate these features. Recently, methods based on symbolic dynamics have been found to be suitable to assess changes in cardiac sympathetic modulation induced by experimental and pharmacological conditions characterised by sympathetic activation [4, 5] .
The aim of this study was to assess whether in CHF patients classical linear indexes of HRV and symbolic dynamics indexes are associated with the plasma level of norepinephrine, a well established biochemical measure of tonic systemic sympathetic nervous activity.
Methods

Study population
We studied a cohort of CHF patients admitted to the Heart Failure Unit of the Scientific Institute of Montescano between 1992 and 1996 for evaluation and treatment of heart failure, usually in conjunction with evaluation for heart transplantation. Inclusion criteria were: sinus rhythm, stable clinical condition during the last 2 weeks, absence of pulmonary or neurological disease, including insulin dependent diabetes or any other disease limiting survival, no recent (within the previous 6 months) myocardial infarction or cardiac surgery, and 24-hour Holter recording analysable for at least half of the nighttime (00:00-05:00 h) and half of the daytime (09:00-19:00 h). All patients underwent standard clinical and laboratory examinations, including 2D echocardiography and routine blood tests within one week from the Holter recording. A subset of 99 patients underwent blood sample collection for plasma norepinephrine assay within one day from Holter recording. Norepinephrine levels were assessed by a single-isotope radioenzymatic method.
Follow-up information over three years was obtained through periodic controls in the hospital, chart review or telephone interview of the referring physician and relatives.
The local ethics committee approved the study and all patients gave their informed consent.
Holter recordings and preprocessing
Holter recordings were performed using a two-channel recorder and processed using a Synetec System (ElaMedical, S.p.A., Segrate-Milano, Italy) with a sampling rate of 200 Hz. After automatic scanning, an expert analyst carefully edited all the recordings. Annotated RR time series were finally transferred to a personal computer and processed according to previously described criteria [6] in order to correct ectopic beats, arrhythmic events and artifacts which are known to alter the estimation of HRV indices [7] .
Computation of selected indexes
Two linear and two symbolic dynamics indexes with an established association with sympathetic cardiac modulation were computed from consecutive 5-min sequences obtained from 24-hour RR interval: the power in the low frequency band (LF, 0.04-0.15Hz), both in absolute units (LFP) and in normalised units (LF_nu), the percentage of patterns lasting 3 beats with no significant variations (0VP) and the percentage of patterns lasting 3 beats with two significant unlike variations (2UVP) [8] .
Five minutes sequences with < 95% of sinus beats and sequences containing large transients or artefacts were discarded. Results computed on all analyzable 5 minutes segments were averaged.
Spectral analysis was performed using the autoregressive approach (Burg algorithm) with spectral decomposition, and was verified using the classical Blackman-Tukey method. The power in the low frequency was computed summing all spectral components with their central frequency within each band, but excluding components < 10% the overall power in the band. The normalized units were obtained calculating the percentage of the LF power with respect to the sum of the LF power and the power of the high frequency band (HF, 0.15-0.45 Hz).
To compute symbolic dynamics indexes, the full range of each sequence was divided into 6 homogeneous levels, transforming each RR interval into a symbol indicating which of the 6 levels the interval belongs to, and identifying in the new series of symbols all possible patterns of length 3. Among these patterns we focused on patterns with no variations (0VP; i.e., all 3 symbols are equal), and patterns with 2 unlike variations (2UVP; i.e., the second symbol was larger or smaller than the others) [4] .
Statistical analysis
Due to the marked skewness in the distribution of some variables, descriptive statistics are given as median (lower quartile, upper quartile). The association between each index and plasma norepinephrine (PNE) was assessed by Spearman correlation coefficient. Comparisons between groups were carried out by the Mann-Whitney U test. All hypothesis tests were performed using a significance level of 0.05. All analyses were performed using the SAS/STAT statistical package, release 8.02 (SAS Institute Inc., Cary, NC, USA).
Results
Descriptive statistics of clinical and demographic data are reported in Table 1 . During the 3 year follow-up (median: 36 months, interquartile range: 24-36), 26 patients died of cardiac death. A moderate but significant negative association was found between LFP and PNE (r=-0.45, p<0.0001) and between LF_nu and PNE (r=-0.26, p<0.01). On the contrary, the association between both 0VP and 2UVP and PNE was largely nonsignificant (r=-0.07, p=0.47 and r=0.13, p=0.19).
PNE was significantly higher in patients who experienced cardiac death (397 (302, 604) pg/l vs 291 (193, 412) pg/l, p=0.02). Among HRV indexes, only LF_nu was significantly different between patients who did and did not experienced cardiac death (0.72 (0.63, 0.76) vs 0.66 (0.59, 0.71), p=0.018).
The scatterplots of PNE versus LFP and 2UVP are reported in Figure 1a and 1b respectively. 
Discussion and conclusions
The assessment of autonomic control of the cardiovascular function is crucial to understand the pathophysiology of heart failure. To this purpose, several techniques have been proposed so far, yet this still represents a challenging task. The measurement of plasma catecholamines levels provides a practical way to assess sympathetic activity and has been widely used, despite its limitation of being a "systemic" instead of organ specific measurements of sympathetic activation. The use of more specific measurements, such as cardiac norepinephrine spillover, is limited to small studies due to the invasiveness and complexity of these techniques [9] . Since heart rate variability is under the control of the autonomic nervous system, many efforts have been devoted to the development of methods based on the analysis of spontaneous fluctuations in heart rate to assess both sympathetic and parasympathetic branches of the autonomic nervous system. In particular, the absolute (LFP) and normalised (LF_nu) spectral power of HRV in the low frequency band have been shown to reflect respectively, the mixed sympathetic and parasympathetic outflow to the heart, and the sympathovagal balance [10, 11] . At variance with this approach, some nonlinear indexes based on symbolic analysis of RR sequences have been recently proposed to selectively assess sympathetic and parasympathetic cardiac modulation [4] . In this study we investigated the association between these indexes and plasma level of norepinephrine. LFP and LF_nu were moderately, albeit significantly associated with sympathetic activity, confirming previous findings of an inverse relationship between LF power and the degree of sympatho-exitation as assessed by muscle sympathetic nerve activity [3] . This relationship is the opposite of what is observed in healthy subjects. Our study also confirms the previous observation that patients experiencing cardiac death are characterized by higher level of PNE.
A totally new finding is the lack of association between symbolic dynamics indexes and PNE. This was rather surprising, since in previous studies in healthy subjects these indexes were able to track the gradual shift of cardiac autonomic regulation toward sympathetic predominance during graded head-up tilt, and the association with tilt angles was stronger than spectral indexes [5, 12] . A possible explanation for the observed lack of association could be that symbolic dynamics indexes are physiologically linked only to the modulation of sympathetic outflow to the sinus node, which is only coarsely measured by such a non specific measure as PNE. Another possible explanation is that, since symbolic dynamics indexes are based on pattern recognition and HRV is extremely reduced in heart failure patients with respect to normal subjects, the very low signal to noise ratio of RR time series may affect the accuracy of pattern detection.
It has been proposed that the paradoxical reduction in LF oscillations in heart failure patients who have a well known high resting sympathetic activation might be due to a loss of oscillatory behaviour caused by an overwhelming chronic sympathetic overactivity, and to the effect of impaired baroreflex sensitivity.
